Abstract: Latanoprostene bunod (LBN) 0.024%, a modified prostaglandin analog, was approved on November 2, 2017, for the reduction of IOP in patients with open-angle glaucoma (OAG) or ocular hypertension (OHT). LBN works by combining the IOP-lowering effects of the prostaglandin analogs (through the uveoscleral pathway) with nitric oxide-induced relaxation of the trabecular meshwork and Schlemm's canal. Nitric oxide-induced relaxation of the trabecular meshwork and Schlemm's canal leads to increased outflow through the trabecular meshwork and thus lowering of IOP. LBN has now been shown in multiple clinical studies to be effective and safe. In this article, we summarize the clinical trials that led to LBN's approval as well as the comparative studies that have been done to evaluate the efficacy of this drug as compared to other US Food and Drug Administration (FDA)-approved therapies for OAG and OHT. We then review the side effects of treatment that were seen in each of these studies. Finally, we will attempt to discuss the place of this drug in therapy for patients with OAG.
Background
More than 2 million people in the United States are estimated to be affected by openangle glaucoma (OAG), a number that is expected to increase to .3 million by 2020, due to the rapidly aging population. 1 Patients with OAG suffer progressive deterioration of the optic nerve which results in characteristic visual field loss. 2 Glaucoma is the second most common cause of blindness worldwide, and vision loss from glaucoma is irreversible. Reduction of IOP remains the only modifiable risk factor in the treatment of glaucoma, 3 and patients who achieve target IOP reduction have a lower risk of disease progression. 4 In the Early Manifest Glaucoma Trial (EMGT), treated patients had half the progression risk of control patients and the magnitude of initial IOP reduction significantly influenced outcome. It was estimated that among patients in the EMGT every 1 mm Hg of IOP lowering resulted in an estimated 10%-20% risk reduction in visual field loss. 5, 6 Pharmacological therapies, in the form of topical eye drops, remain the most common first-line intervention for IOP reduction. Laser and surgical therapies, including minimally invasive surgical techniques, are additional options, and there have been multiple new devices recently approved for the treatment of OAG. Currently available classes of medication include the following: prostaglandin analogs and the newer modified prostaglandin analogs, beta-adrenergic antagonists, alpha-2-adrenergic agonists, for the reduction of IOP in patients with OAG or ocular hypertension (OHT).
In this review, we will first provide an overview of the modified prostaglandin analogs, including a short summary of their mechanism of action. Expert reviews detailing the pharmacological properties of LBN have been published previously 9 ,10 and will thus not be repeated here. Rather, we will concentrate on the clinical studies that led to LBN's approval as well as the comparative studies to date that have been done to study the efficacy of this drug as compared to other FDA-approved therapies for glaucoma (Table 1) . We will review side effects of treatment (Table 2) as well as outline the place of this drug in therapy for patients with OAG. We will review the many barriers to glaucoma medication adherence and discuss how LBN may ultimately improve patient adherence and compliance to glaucoma therapy.
Mechanism of action
IOP is determined by the balance between aqueous humor production by the ciliary body and elimination through the trabecular meshwork (the conventional outflow system) and the uveoscleral tract (the nonconventional outflow system). While other classes of IOP-lowering therapy have primarily one mechanism of action, the modified prostaglandin analogs have a dual mechanism of action. They combine the IOP-lowering effects of prostaglandin analogs using the uveoscleral outflow system, with nitric oxide-induced relaxation of the trabecular meshwork and Schlemm's canal. This nitric oxide-induced relaxation of the trabecular meshwork and Schlemm's canal thereby increases outflow through the trabecular meshwork outflow system.
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Upon topical administration, LBN 0.024%, the first FDAapproved drug in the category of modified prostaglandin analogs, becomes metabolized by esterases into latanoprost acid, an F2α prostaglandin analog, and butanediol mononitrate. Nitric oxide is then released from butanediol mononitrate with an inactive metabolite, 1,4-butanediol. 10, 14 latanoprost acid lowers IOP by increasing outflow through the nonconventional uveoscleral outflow system, 12 while butanediol mononitrate acts as a nitric oxide donor which results in increased trabecular meshwork outflow by relaxation of cells in the trabecular meshwork and Schlemm's canal. 13 Lowering of IOP from Latanoprostene has been seen in glaucomatous dogs as well as primates with OHT. 13, 14 In Prostaglandin F-receptor knockout mice (a mouse model that is insensitive to the actions of the prostaglandin analogs), as well as in rabbits 13 (who are believed not to have the receptor for prostaglandin analogs), LBN also reduced IOP, 15 suggesting the additional IOP-lowering effect of nitric oxide.
Efficacy and comparative studies Phase i
KRONUS, a Phase I, single-arm, single-center, open-label clinical study, was designed to evaluate the effectiveness of LBN 0.024% at IOP lowering in 24 healthy Japanese male volunteers. The mean age of the study subjects was 26.8 years with an SD of 6.3 years, and the mean baseline IOP in these subjects was 13.6 mm Hg with an SD of 1.3 mm Hg. After establishing a baseline diurnal and nocturnal IOP in each of these individuals, subjects instilled one drop of LBN 0.024% in both eyes at 8 pm for a total of 14 days. The absolute as well as the change in IOP from baseline was then reassessed in each of these study subjects on day 14 at each of the same previously measured time points. IOP was found to be reduced at all assessed time points (P,0.001). The mean 24-hour reduction in IOP was 27% or 3.6 mm Hg (with an SD of 0.8 mm Hg). 16 KRONUS and the below studies have been summarized in Table 1 .
Phase ii
The VOYAGER study was a Phase II randomized, investigator-masked, parallel group study designed to determine the optimum effective concentration as well as tolerability of latanoprostene. This study served as a controlled comparison of LBN and latanoprost 0.005% in patients with OAG or OHT. Subjects were randomized to one of five groups with varying concentrations of latanoprostene ranging from 0.006% to 0.040% (0.006%, 0.012%, 0.024%, and 0.040%), with one of the groups receiving latanoprost 0.005%. Four hundred thirteen patients were randomized, and 396 patients completed this study over a 28-day period. There was a significant reduction in mean diurnal IOP from baseline (at all follow up visits) with each treatment group, though among the groups treated with LBN, the IOP reductions were dose dependent and seemed to plateau with the 0.024%-0.040% dose. The maximal IOP-lowering effect of latanoprost was previously reported at a concentration of 0.005%. 17 This suggests that LBN 0.024%'s additional IOP lowering over latanoprost 0.005% is not due to any additional latanoprost acid released by LBN 0.024% over latanoprost 0.005%. 9 The absolute change in mean baseline diurnal IOP was the primary endpoint of the study, with LBN 0.024% found to be the lowest concentration to achieve the largest 
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Addis and Miller-ellis reduction in IOP as compared to latanoprost 0.005%. IOP in subjects treated with LBN 0.024% was found to be lower than those treated with latanoprost 0.005% at days 7, 14, and 28, which suggested that the nitric oxide component of the medication provided additional IOP lowering. 18 CONSTELLATION was a Phase II prospective, openlabel randomized crossover trial designed to compare the efficacy of LBN 0.024% with timolol 0.5% in lowering IOP both during diurnal and nocturnal hours. Twenty-five patients aged 43-82 years old with early OAG (4 patients) or 
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Latanoprostene bunod ophthalmic solution 0.024%
OHT (21 patients) had their baseline IOP and blood pressure checked in a sleep laboratory both in the sitting and supine position every 2 hours during the 16-hour diurnal (wake) period and in the supine position every 2 hours during the 8-hour nocturnal (sleep) period. These subjects were then randomly assigned to receive LBN 0.024% at 8 pm or timolol 0.5% at 8 am and 8 pm in both eyes, and the same IOP and blood pressure readings were repeated after a 4-week period. Subjects were then switched to the other treatment for the next 4-week period, and the measurements were repeated again. Twenty-one individuals completed the study. Both treatments were found to significantly lower IOP during both the diurnal and nocturnal periods as compared to baseline (P,0.001). No significant difference between the treatments was found in terms of overall diurnal IOP reductions; however, LBN 0.024% was found to have greater IOP reduction and an increase in ocular perfusion pressure over timolol 0.5% during the nocturnal period (P=0.10).
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Phase iii APOLLO was a Phase III, randomized, controlled, multicenter, double-masked, parallel-group study designed to compare the diurnal IOP-lowering effect of LBN 0.024% vs timolol 0.5% in subjects with OAG or OHT. In this study, 420 individuals $18 years of age with a diagnosis of either OAG or OHT in one or both eyes were randomized (2:1) to receive a 3-month regimen of either LBN 0.024% nightly or timolol 0.5% twice a day, with 387 subjects completing the study. IOP was checked at 8 am, 12 pm, and 4 pm at weeks 2, 6, and month 3 after beginning therapy. LBN 0.024% was found to have significantly greater IOP reduction at all 9 time points assessed as compared to timolol 0.5% (P#0.002) (the primary efficacy end point), and more patients treated with LBN 0.024% achieved $25% reduction in IOP and a mean IOP #18 during the course of treatment (secondary efficacy end points). Among patients in the LBN 0.024% group, 34.9% achieved $25% reduction in IOP as compared to 19.5% of patients in the timolol 0.5% group (P=0.001).
In addition, 22.9% of patients in the LBN 0.024% had a mean IOP #18 compared to 11.3% of patients in the timolol 0.5% group (P=0.005).
10
The LUNAR study was a prospective, randomized, double-masked, parallel-group, noninferiority trial. Similar to APOLLO, the LUNAR study was designed to compare the IOP-lowering effect of LBN 0.024% with timolol 0.5% in individual with OAG or OHT. Adults with OAG or OHT were enrolled from 46 clinical sites in the United States and the European Union, with 387 subjects completing the study. Subjects were randomized 2:1 to LBN 0.024% instilled nightly with vehicle in the morning or timolol 0.5% twice a day for 3 months. IOP was checked at 8 am, 12 pm, and 4 pm at week 2, week 6, and month 3. In addition to being noninferior to timolol therapy, LBN 0.024% showed greater IOP reduction than timolol at all time points in the study except for at 8 am on week 2. The percentage of patients with $25% reduction in IOP from baseline was higher in the LBN group as compared to the timolol group (31.0% vs 18.5%, P=0.007) and a higher percentage of subjects in the LBN group than in the timolol group had their IOP reduced to #18 mm Hg (17.7% vs 11.1%) though this was not significantly significant (P=0.084). 19 In a pooled analysis of the APOLLO and LUNAR studies, LBN 0.024% provided greater IOP lowering compared to timolol 0.5% at 3 months of therapy and remained effective during the open-label extension phases of both studies. Lowered IOP was maintained in both studies for as long as 12 months after the initiation of treatment. 20 The JUPITER study was a single-arm, multicenter, openlabel clinical study that evaluated the long-term safety and IOP-lowering efficacy of LBN 0.024% in Japanese subjects with OAG or OHT over 1 year of treatment. Subjects aged 20 years and older (mean age 62.5 years) with a diagnosis of OAG or OHT used one drop of LBN 0.024% nightly in both eyes for 52 weeks. The study enrolled 130 subjects, with 121 (93.1%) completing the trial. Individuals were assessed every 4 weeks. Mean (SD) baseline IOP at the beginning of the study was 19.6 (2.9) mm Hg in study eyes (range 15.0-30 mm Hg) and 18.7 (2.6) mm Hg in fellow eyes (range 14.5-27.0 mm Hg). A 22% reduction in IOP to 15.3 (3.0) mm Hg was achieved by week 4 in study eyes and a 19.5% reduction in IOP to 15.0 (2.8) mm Hg in fellow eyes. This percent IOP reduction was maintained or increased through the end of the 52-week study (P,0.001 vs baseline at all visits) with study eyes achieving 26% IOP reduction to 14.4 (2.7) mm Hg by 52 weeks.
21

Safety and tolerability
Given that glaucoma is a chronic, currently incurable disease, the importance of long-term, safe and tolerable medications cannot be overestimated. Both local and systemic side effects of available medications are well known, including adverse skin reactions. 22 Ocular surface toxicity from preservatives such as benzalkonium chloride, present in many eye drops, has been well studied, 23 as has the benefits of preservativefree medications. 24 Some experts have even argued that all patients should receive preservative-free medications. 
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Addis and Miller-ellis trials of this medication to date. Overall, LBN 0.024% has been shown to be a well-tolerated medication with a relatively mild side-effect profile. Clinical trials reporting TEAEs are discussed below and listed in Table 2 .
In the KRONUS study, 21/24 subjects (87.5%) experienced at least one TEAE. The most common adverse events were conjunctival hyperemia (experienced in 12/24 study eyes and reported to be mild in all cases) and punctate keratitis (experienced in 13/24 study eyes). An unspecified conjunctival disorder, eye pain, and reduced visual acuity were each reported by one study subject, though all enrolled subjects completed the study. Mild upper respiratory inflammation which was thought unrelated to study treatment was reported by one study subject. 16 LBN was also well tolerated in the VOYAGER study, though there was a numerically higher incidence of ocular side effects reported in the groups randomized to LBN as compared with the latanoprost group. The incidence of hyperemia was similar between the two groups. Instillation site pain was reported by 14.6%, 16.7%, 12.0%, and 17.3% of subjects in the LBN 0.006%, 0.012%, 0.024%, and 0.040% groups, respectively, vs 6.1% of subjects in the latanoprost group. Ocular hyperemia was reported by 1.2%, 6.0%, 2.4%, and 4.9% of subjects in the LBN 0.006%, 0.012%, 0.024%, and 0.040% groups, respectively, vs 8.5% in the latanoprost group, whereas conjunctival hyperemia was reported for 1.2%, 3.6%, 4.8%, and 3.7% of subjects in the LBN 0.006%, 0.012%, 0.024%, and 0.040% groups, respectively. Serious nonocular TEAEs were rare and considered unrelated to the study drug. Only headache was reported more than once (one individual each in the latanoprost, LBN 0.012% and LBN 0.024% groups) and thought to be potentially related to topical therapy. Of the 413 enrolled subjects, 6 discontinued from the study due to a TEAE; discontinuation reasons included asthma (n=1, LBN 0.006%), migraine with aura (n=1, LBN 0.006%), instillation site pain (n=1, LBN 0.006%, n=1, LBN 0.012%), instillation site erythema (n=1, LBN 0.024%), and myocardial infarction (n=1, latanoprost). 17 In the APOLLO study, both LBN 0.024% and timolol 0.5% were associated with a comparable percentage of both ocular and nonocular adverse events. Adverse events reported in $1% of eyes in both groups included eye irritation, conjunctival hyperemia, eye pain, dry eye, foreign body sensation, and instillation site pain. Subjects in the LBN 0.024% had a higher percentage of moderate to severe hyperemia at all time points compared to the timolol 0.5% group. Two subjects in the LBN 0.024% group experienced severe adverse events (scleritis and foreign body requiring surgery) in the fellow treated eyes, though these side effects were considered unrelated to treatment. Nonocular adverse events were experienced by 12.7% of subjects in the LBN 0.024% and 14.1% of subjects in the timolol 0.5% group. Treatment-related nonocular side effects were reported by 1.8% of subjects in the LBN 0.024% group and 2.2% of subjects in the timolol 0.5% group. In the LBN 0.024% group, these nonocular adverse events included headache, fatigue, sinus congestion, hair color changes, and hair disorder, and in the timolol 0.5% group, these included bradycardia, prodromal headache, and rhinorrhea. 10 Both LBN and timolol were well tolerated by subjects in the LUNAR study, though more patients in the latanoprostene group experienced at least one ocular treatment-emergent adverse event (23.8% of patients as compared to 13.3% of patients treated with timolol). Conjunctival hyperemia, eye irritation, and eye pain were the most frequently reported ocular adverse events in the LBN-treated eyes and, with the exception of one patient with severe conjunctival hyperemia, the severity of the remainder of the ocular side effects were considered mild or moderate. About 12.9% of individuals (36 of 278) treated with LBN and 13.2% (18 of 136) of patients treated with timolol experienced nonocular adverse events, most of which were considered unrelated to topical therapy. Six events in five patients in the LBN group were considered potentially related to the drug (madarosis, chest discomfort, dysgeusia, headache, insomnia, and dyspnea), and four events in two patients in the timolol group were considered potentially related to the drug (headache ×2, dizziness, and somnolence). 26 In the pooled analysis of the APOLLO and LUNAR studies, the safety profile of LBN was found to be comparable to that of the prostaglandin analogs with conjunctival hyperemia being the most commonly reported adverse event. 19 The JUPITER study evaluated the long-term safety of LBN 0.024% in the management of OAG and OHT. To date, this has been the longest study of LBN 0.024%, with subjects followed for 52 weeks. One hundred thirty subjects were enrolled in the study. Overall, 76/130 (58.5%) study eyes and 78/126 (61.9%) fellow eyes experienced $1 ocular TEAE, all of which were deemed mild to moderate in severity. The most common TEAEs in both study and treated fellow eyes were conjunctival hyperemia (17.7% and 16.7%, respectively), eyelash growth (16.2% and 16.7%, respectively), eye irritation (11.5% and 11.9%, respectively), and eye pain (10.0% and 10.3%, respectively). Thirteen of 130 study eyes (10%) and 11/125 treated fellow eyes (8.8%) had a clear increase in iris pigmentation after 52 weeks of therapy as compared 
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Latanoprostene bunod ophthalmic solution 0.024% to baseline photographs with 14.6% of study eyes and 13.6% of treated fellow eyes having a possible increase in iris pigmentation from baseline. Sixty-seven (51.5%) individuals experienced at least one nonocular TEAE, none of which were considered related to the study drug. Four individuals discontinued the study due to TEAEs, none of which were considered related to LBN therapy. 21 
Patient-focused perspectives
Glaucoma remains a leading cause of blindness in the United States and around the world despite an increasing number of effective therapies. 27 Even with the existence of effective treatments, surveyed patients believe that people with glaucoma will continue to lose vision. 28 Patients with vision loss from glaucoma report worse quality of life with a trend of poorer quality of life with increasing disease severity. 29 The Glaucoma Quality of Life questionnaire has been developed to quantitatively assess glaucoma patients' quality of life and has been shown to correlate well with objective measures of visual function. 21, 30 There are many barriers to glaucoma medication adherence. [31] [32] [33] A recent cross-sectional survey published in Ophthalmology evaluated the frequency of eleven commonly cited barriers to optimal glaucoma medication adherence among glaucoma patients. Barriers that were assessed in the study included the following: difficulty with drop administration, poor self-efficacy, poor knowledge, beliefs about glaucoma, beliefs about medications, life stress, forgetfulness, side effects, cost, difficulty with medication schedules, and mistrust of the physician. Each of these eleven barriers was found to be important to at least 30% of surveyed patients with poor adherence and at least 23% of surveyed patients with good adherence. 34 Given that many of these barriers relate to treatment concerns, it remains important that prescribed therapies are easy to administer, tolerable and halt glaucomatous damage without worsening a patient's quality of life.
The ease of once-daily administration of LBN combined with its potent IOP-lowering effect may improve patient adherence and compliance. In studies of latanoprost, reduction of IOP starts about 3-4 hours after drop administration and the maximum effect is reached after 8-12 hours. 35 Previous prospective, multicenter controlled trials in which qualified patients had previous glaucoma therapy substituted with latanoprost 0.005% resulted in reduced IOP, limited side effects and improvement in quality of life, and these benefits were maintained during both a 3-and 6-month trial. 36, 37 Though a comparable study has not (yet) been done with LBN, we could hypothesize that the same results may also be found since LBN is made up of latanoprost acid (and butanediol mononitrate). The VOYAGER study, which compared latanoprost 0.005% to LBN 0.024% showed that subjects treated with LBN 0.024% had lower IOP than those treated with latanoprost 0.005% at days 7, 14, and 28, 17 suggesting the potential potent effects of LBN 0.024% as monotherapy, even over latanoprost.
LBN has been relatively well tolerated in all clinical trials, with very few study discontinuations. Only 4/121 patients (3.3%) in the JUPITER study (the longest study of LBN to date) discontinued treatment due to adverse events. 20 However, multiple TEAEs have been shown in all published studies, with ocular and conjunctival hyperemia being among the most common. It is well known that hyperemia is a significant cause of patient noncompliance 38 and thus it is possible that hyperemia would be a potential reason for patients to discontinue therapy with LBN in the real-world setting, outside of clinical trials.
Though some early studies of prostaglandin analogs showed pupil constriction after drop usage in humans 39 and glaucomatous Beagles, 40 potentially prompting recommendations for evening administration, other studies have not confirmed this finding. [41] [42] [43] AM dosing of eye drops has been shown to be associated with improved adherence in some patient populations, 44 and all published studies of LBN to date have been done with evening dosing. It is unknown whether the same IOP-lowering effects of LBN would be seen with AM dosing and studies comparing AM vs PM administration of LBN may be warranted in the future.
Finally, cost is a critical factor in patient compliance with prescribed treatment regimens and cost has been shown to be a significant barrier to adherence. 45, 46 Branded medications are expensive and oftentimes cost prohibitive for patients. Patients are often on multiple eye drops, and each additional drop can add significant cost to the patient. Despite the potential benefits of LBN over other glaucoma therapies, if a patient cannot afford to purchase the medication, he will not use it. The pricing of LBN and whether or not insurance companies will cover it will be significant factors in the use of this drop by patients and in the prescribing patterns of ophthalmologists.
Conclusion
LBN has been shown to be an effective, safe, and welltolerated medication for patients with OAG and OHT. A modified prostaglandin analog, LBN is a novel nitric oxide-donating prostaglandin F2α analog that works to lower 
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Addis and Miller-ellis IOP by targeting both nitric oxide relaxation of the trabecular meshwork in conjunction with increased outflow through the uveoscleral pathway.
Dosed once daily in the post-meridiem, LBN has been shown in clinical trials to lower IOP to a greater effect than both timolol 0.5% and latanoprost 0.005%. LBN 0.024% was found to be the lowest concentration of medication to achieve the largest reduction in IOP as compared to latanoprost 0.005%. Diurnal and nocturnal studies have confirmed that IOP remains consistently reduced from baseline throughout the entire 24-hour period when a single drop of LBN is instilled nightly. This statistically significant increase in IOP lowering was found to be sustained for at least 1 year when studied in Japanese subjects, many of whom had normal tension glaucoma.
The side-effect profile of LBN is relatively mild in studies to date, and the medication has been well tolerated with very few study discontinuations. The most commonly reported TEAEs include conjunctival and ocular hyperemia, instillation site pain, eye pain and eye irritation, punctate keratitis, and eyelash growth. The easier, once daily dosing regimen has the potential to improve patient compliance with treatment.
LBN 0.024% is a promising new medication recently approved by the FDA for the treatment of OAG and OHT. This medication has the potential to be used as a first-line therapy for patients to reduce IOP, decrease risk of glaucoma progression, and preserve vision while maintaining patients' quality of life.
